Glassy test strips partially coated with PVC-film including O-donor macrocyclic receptors (L), tetrabromophenolphthalein ethyl ester (TBPE -), and a plasticizer sensed Pb 2+ in aqueous solutions by a unique color change. Yellow films successively changed color to green, dark-blue and purple with increases of the Pb 2+ concentration. In contrast with the ordinary "optode", a characteristic absorption band at 525 nm was newly appeared independently of the protonation and deprotonation of HTBPE (yellow to blue). The unique color change occurred only when asymmetric receptors with respect to the basal plane were coupled with Pb 2+ . This optical-structural correlation is likely to be induced by the H aggregate of two sets of TBPE -in the 1:2 ion-pair, [Pb-L] 2+ ·(TBPE -)2. The color change, based on metachromasy, was exclusive for Pb 2+ among common metal cations (Ca 2+ , Al 3+ , Cd 2+ , Zn 2+ , Fe 3+ , Co 2+ , Hg 2+ ) and anions (Cl
Introduction
Optical detection films provide simple and convenient tools for the "on-site" monitoring of waters in the environment and rapid screening in industrial processes. Recently, we have developed highly sensitive detection systems of a thin solid phase, such as a nanofibrous membrane filter for lead(II) 1 and test strips immobilized with nanosize dyes. 2 They allow the simple detection of analyte by the naked eye, or by portable spectrophotometers without any specific pretreatment. Optical film sensors known as "optode", have been proposed to be applied to environmental monitoring. [3] [4] [5] Most of the optode devices so far developed are based on simultaneous coextraction or ion-exchange process following a change in the signal intensity of the absorption or fluorescence spectrum of an aliphatic pH indicator. In an optode system, the aggregation of dyes having a di-or triphenyl group was reported as a problem that occurs due to a deviation from Lambert-Beer's law because interactions between the π-systems of two dyes lead to new transitions (metachromasy). 6 In general, the association of mainly ionic forms of dye molecules is conductive to a blue shift of the absorption band; therefore, the phenomenon has been applied to the quantitative analysis of polysaccharides. However, there have been no film-type sensors that have made positive use of metachromasy.
O-Donor macrocyclic compounds (L) have been well-known as Pb 2+ selective receptors 7 and applied to analytical use, such as a fluorescence molecular sensor 8, 9 and an optical sensing membrane. 10 In this paper, we report on novel sensor films based on distinctive color development, resulting from the ionpair formation of a Pb-L complex and anionic dyes, and their application to test strips for Pb 2+ . The color films are composed of a poly(vinyl chloride) (PVC) film matrix incorporated with neutral O-donor macrocycles as Pb 2+ selective receptors, tetrabromophenolphthalein ethyl ester (TBPE -) as a signal transducer, and a plasticizer as a solvent. Upon dipping the film into a pH-buffered Pb 2+ solution, the yellow film successively changed to a wide variety of colors along with an increase of the Pb 2+ concentration. The variety of colors may be based on metachromasy, caused by H aggregates of two anionic TBPE -, which are better suited for test strips to distinguish a rough contamination level with the human eye at a polluted pit. Fortunately, this color change is exclusive for Pb 2+ among major metal cations and anions. We examined the characteristic property of the film sensors and considered the opticalstructural correlation using 18-crown-6 (L1), dibenzo-18-crown-6 (L2), tert-butylcalix [4] arene-O,O′,O″,O′″-tetraacetic acid tetramethyl ester (L3), and cryptand [2,2,2] (L4) as Pb 2+ selective receptors (Fig. 1) . The performance of the present test strips as naked eye sensors for Pb 2+ was also studied.
Experimental

Film preparation
A slide glass plate cut into 0.8 × 3.7 cm pieces was used as a support matrix of the color sensor film. Sensor films with a series of macrocycles were fabricated by dipping the ends of glass strips (ca. 1 cm) into a tetrahydrofuran (THF) solution containing 0.32 mol/kg of a plasticizer, 2-nitrophenyl octyl ester (NPOE), 7.6 -30.4 mmol/kg of a macrocyclic compound, 7.6 -30.4 mmol/kg of K + TBPE -, and 4 w/w% of poly(vinyl chloride). The films were immersed in a 0.1 M HCl solution to convert K + TBPE -(blue) into protonated HTBPE (yellow).
Detection method and spectral measurements
Typically, the yellow-colored sensor films were immersed in 10 mL of an aqueous solution containing Pb 2+ ion at pH 6.15 (0.05 M MES buffer) for 20 min. Absorption spectra of the sensor films, after being taken out from the sample solution,
were measured with a multi-channel spectrophotometer (MCPD-3000, Photal Co.) equipped with optical fiber as the light source and signal receiver.
Results and Discussion
Spectral changes of the color films Figure 2 shows the absorption spectra of the sensor film incorporated with L2 in acid ([HCl] = 0.1 M) and in aqueous solution of pH 8.4, where protonated HTBPE (yellow, λmax = 420 nm) and deprotonated TBPE -(blue, λmax = 615 nm) are predominant, respectively. The apparent pKa value of HTBPE in the PVC membrane phase was determined to be ca. 6.0 by spectrophotometric titration. In accord with the pH of the medium, the color of the sensor film consecutively changes from yellow to green (mixture of HTBPE and TBPE -) with time in the absence of Pb 2+ . However, by immersing into a Pb 2+ solution, a characteristic absorption band newly appeared at around 525 nm (Fig. 2C) . Sensor film containing L2 gave a wide variety of color shifts; the initial yellow color changed to green, dark-blue, and then to purple, associated with an increase of the Pb 2+ concentration, ranging from 0 to 2 × 10 -4 M. A photograph of the color changes is shown in Fig. 3 , and the corresponding change in the absorption spectra is illustrated in Fig. 4 . The intensity of this signal increased with the Pb 2+ concentration (0 to 2 × 10 -4 M). Then, pH titration of the Pb-L2 complex in the PVC membrane phase was carried out by recording the absorption peaks at 525 nm. The maximum intensity was attained at pH values ranging from 6 to 7; therefore, the pH of the sample solution was subsequently fixed at 6.15 with 2-morpholinoethanesulfonic acid (MES) buffer. Time-course experiments with Pb 2+ at 7 × 10 -5 M showed that it took more than 15 min to terminate the color development.
Optical-structural correlation
A similar color shift was commonly observed for L3 and L4 films, as well as that observed for the L2 film. On the contrary, in the case of L1, no appreciable absorption was observed at around 525 nm. This seems to be anomalous, since L1 and L2 commonly form stable complexes with Pb 2+ . Although a charge-transfer absorption from Pb 2+ to the chromophore TBPEis a possible mechanism for the specific color development observed in Fig. 4 , 11 the absence of any color response for the L1 film cannot be interpreted by this mechanism. Thus, the appearance of the characteristic absorption band in the L2 -L4 films is likely to depend on the structure of the Pb 2+ receptor. The following reaction (Scheme 1) is most likely to take place between an aqueous solution and the sensor film: 1) incorporation of Pb 2+ into the membrane phase via complex formation with receptor L; 2) ion-pair formation of the [Pb-L] 2+ complex with two sets of TBPE -in order to maintain electroneutrality.
Since L1 forms a basally symmetric complex with Pb 2+ , 12 two TBPE -anions are equivalently accessible to Pb 2+ from both sides of the coordination axis. Unlike L1, Pb 2+ complexes of L2 to L4 are commonly unsymmetric with respect to the basal plane of Pb-L complexes. Particularly in the cases of L3 and L4, only one axial face is open in their Pb 2+ complexes, which are available for accommodating large counter ions. Similarly, 1:1 complexes of L2 with large metal ions are known to take an inverted "V" shape configuration by bending the two phenyl moieties. 13, 14 Therefore, the access of large anions is prevented from the bottom side due to a steric hindrance between the bulky phenyl groups. In place, two TBPE -anions can 148 ANALYTICAL SCIENCES FEBRUARY 2007, VOL. 23 accommodate at the open space where the Pb 2+ ion is coordinated. The remarkable blue shift (100 nm) of the peak induced by Pb 2+ is assumed to result from a specific intermolecular interaction, like an H aggregate of the two conjugated dyes on the coordination sites provided by Pb-L complexes (Scheme 1). The interaction of the π-electron conjugated system of two TBPE -coordinating to Pb 2+ of the Pb-L complex may lead to a significant shift of the electronic transition, which is generally called metachromasy.
It should be emphasized that the purple color development was specific to the PVC membrane phase, and did not appear at all in homogeneous organic phase. In fact, a benzene solution containing L and K + TBPE -was stained blue when ion-pair extraction was attempted by shaking with an aqueous Pb 2+ solution. PVC may play a role to stabilize the purple ternary complex. Since ternary complex formation occurs only in the PVC matrix, isolation of the purple ion-pair was not successful; hence, direct evidence of the structure postulated above has not been achieved.
Although other metal ions including Ca 2+ , Zn 2+ , Cd 2+ and Hg 2+ also form stable complexes with L2 -L4, [15] [16] [17] the color signal at 525 nm specific to Pb 2+ was not observed in the PVC matrix. In contrast, Pb 2+ forms a remarkably stable complex with L2 -L4 by forming a closed-shell electronic configuration of 18 + 2e -; therefore, it dose not have a specific geometric preference in the coordination mode. 18 Such flexibility of Pb 2+ may permit an H aggregate of two TBPE -on the Pb-L complex, which results in developing the unique purple color.
Determination of Pb
2+
Linear calibration plots at 525 nm for Pb 2+ with L2, L3 and L4 were obtained spectrophotometrically. The detection range of Pb 2+ by L2 film covers from 1 × 10 -5 to 1 × 10 -4 M with a detection limit of 8 × 10 -6 M. Films composed of L3 and L4 displayed a similar sensitivity to that of L2. Thus, the sensitivity did not follow the order of the extractability of Pb the Pb 2+ concentration, ranging under 1 × 10 -5 , from 1 × 10 -5 to 5 × 10 -5 , and from 6 × 10 -5 to 6 × 10 -4 M, associated with the colors green, dark-blue and purple, respectively, as shown in Fig. 3 .
Influence of other ions
It is of special note that the present detection system using L2 -L4 is quite exclusive for Pb 2+ sensing due to the characteristic optical-structural correlation triggered by complex formation with Pb 2+ . The influence of diverse ions on the color film with L2 in the presence and absence of Pb 2+ is shown in 
